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The ESCRT machinery: new roles at new holes
Y Olmos and JG Carlton
The ESCRT machinery drives a diverse collection of membrane
remodeling events, including multivesicular body biogenesis,
release of enveloped retroviruses and both reformation of the
nuclear envelope and cytokinetic abscission during mitotic exit.
These events share the requirement for a topologically equivalent
membrane remodeling for their completion and the cells
deployment of the ESCRT machinery in these different contexts
highlights its functionality as a transposable membrane-fission
machinery. Here, we will examine recent data describing ESCRT-
III dependent membrane remodeling and explore new roles for
the ESCRT-III complex at the nuclear envelope.
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Introduction
The Endosomal Sorting Complex Required for Transport
(ESCRT) machinery is an evolutionarily-conserved, multi-
subunit membrane remodeling complex (Table 1). Origi-
nally identified in yeast for its essential role in the biogen-
esis of intraluminal vesicles (ILVs) upon a class of
endosome called the multivesicular body (MVB) [1–3],
its roles in mammalian cells have been expanded to en-
compass a number of topologically equivalent membrane
remodeling events. ILV biogenesis requires the endo-
some’s limiting membrane to be pushed away from the
cytosol to generate a nascent bud connected via a mem-
branous stalk to the endosomal limiting membrane. Sub-
sequent severing of this nascent ILV from the limiting
membrane requires a membrane fission activity that acts on
the cytosolic face of this membranous stalk (Figure 1a). It is
thought that the ESCRT-III complex provides this activi-
ty, whilst upstream ESCRT-components (ESCRT-I and
ESCRT-II) coordinate this fission with the forming and
sorting of ubiquitinated cargo onto the nascent ILV [4,5].
As well as being a prerequisite to lysosomal degradation,
the contents of MVBs can be released upon fusion of the
MVB with the plasma membrane — the released ILVs are
exosomes and as their formation is ESCRT-dependent,
ESCRTs thus offer a layer of control over this route of
intercellular communication [6,7]. Whilst an endosomal
function for ESCRTs has been demonstrated across a
range of organisms, the topologically unique membrane
remodeling that ESCRT-III complex can perform has
allowed this machinery to be co-opted by a number of
cellular factors and to drive a diverse range of physiological
and pathophysiological cellular processes across organisms
from Archaea to animals [8].
In mammalian cells, ESCRT-components have been im-
plicated as host-factors for the release of enveloped retro-
viruses such as HIV-1 or Ebola [9,10,11,12]. The
structural proteins of these enveloped viruses encode
peptide-ligands (Late, or L-domains), that are able to
directly bind ESCRT-proteins. Here, the ESCRT-III
complex, recruited via TSG101 and ESCRT-I or by the
ESCRT-III accessory protein ALIX [13,14], functions to
sever the membranous stalks connecting budded virions
with the plasma membrane in a manner topologically
analogous to the membrane fission reaction performed
to release ILVs at the MVB (Figure 1a). Whist largely
implicated in the budding of virions from the plasma
membrane, ESCRT proteins have also been involved in
the lifecycle and release of viruses such as Epstein-Barr
virus that traverse intracellular membranes such as the
nuclear envelope [15] and Herpes Simplex viruses [16] that
buds through the nuclear envelope and again into the
lumen of membranes organelles during secondary envel-
opment, suggesting that ESCRT-III may again be
recruited for the membrane remodeling allowing these
envelopment events.
In addition to a pathophysiological role in viral replication,
the ESCRT proteins TSG101 and ALIX are recruited to
the midbody of dividing cells through interaction with the
midbody protein CEP55 [17,18,19]. Here, they function
to recruit the ESCRT-III complex to perform a topologi-
cally equivalent membrane fission during cytokinetic ab-
scission (Figure 1a), allowing the separation of daughter
cells and the completion of cell division [18,20,21].
ESCRT-III proteins have additionally been implicated
in the repair of damaged regions of the plasma membrane,
where they are recruited in a Ca++-dependent manner by
ALG2 [22,23] to sever protruding, damaged regions of
the plasma membrane in a manner similar to that employed
in viral release. Further, ESCRT-III has been shown to
play roles in autophagy [24,25], neuronal pruning [26],
material transfer at the immunological synapse [27] and
release of exosomes [6]. This article will not focus on these
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Sites and models of ESCRT-III activity. (a) Cartoon depicting sites of topologically-equivalent membrane remodeling performed by the ESCRT-III
complex. In all cases, ESCRT-III provides an activity allowing resolution of the membranous stalk with the concomitant separation of the two
membranes previously connected by the stalk. This separation achieves release of ILVs (1), enveloped viruses such as HIV-1 (2), daughter cells (3)
and separation of previously connected inner and outer nuclear membranes (4). Bottom schematic depicts membrane separation in each case
achieved through ESCRT-III activity. (b) Models for ESCRT-III driven membrane fission. Filaments of polymerised ESCRT-III subunits are thought
to assemble inside a membranous stalk, connecting two parental membranes. ESCRT-III assembly, either via the shape of the formed holo-
polymer (dome model), or through constriction of the ESCRT-III filament (purse string model), narrows the stalk. This narrowing presumably makes
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classical (or even those more esoteric) functions of the
ESCRT-machinery; readers are referred to myriad excel-
lent reviews on this subject elsewhere [28–31]. Rather, we
will focus on newly published data describing new roles for
ESCRT-III during cell division.
ESCRT-III
ESCRT-III is the hypothesised membrane fission com-
plex within the ESCRT-machinery and is directed to its
sites of action through interaction with upstream
ESCRT-components, themselves localized by various
adaptor proteins as described above. ESCRT-III subunits
(CHMPs, for Charged Multivesicular Body Proteins [32],
or Chromatin Modifying Proteins [33]) transition between
soluble and polymerising states, and assemble in a de-
fined order to form a membrane-remodeling filament that
brings about membrane fission. CHMP proteins have
long been proposed to exist in closed and open conforma-
tions, with the hypothesis that the open conformation
represented a filament-forming state. Recent cryo-EM
data has at last resolved the molecular structure of a
CHMP (CHMP1B) in the ‘open’ conformation and
revealed it to adopt an extended a-helical V-shaped
structure that bound to proximal open-forms of itself in
a regular array to form a filament in a co-polymer with the
N-terminal domain of IST1 [34]. Interestingly, IST1 in
this filament was found on the outside of this filament in
the closed conformation, whereas CHMP1B in this fila-
ment was found in the open conformation. Of note,
CHMP1B and IST1 play atypical roles in ESCRT-biolo-
gy, being dispensable for HIV-1 release and degradative
cargo sorting and whilst IST1 functions in cytokinesis
[35,36] and at the nuclear envelope [37] (see below),
IST1 is also necessary for scission of recycling carriers
leaving endosomes [38]. Consistent with this, the
CHMP1B:IST1 filament contained a luminal (rather than
peripheral) membrane-binding surface, suggesting a
function as a scaffold around membranous stalks, rather
than inside them [34]. Indeed, the IST1:CHMP1B
filaments were straight and not spiral indicating that they
may be better suited to constriction of a tubule rather than
the tightening of a stalk (as described below). These data
indicate that a heteropolymeric ESCRT-III filament can
accommodate CHMPs in different activation states and
suggest that the open form represents the membrane-
binding conformation. The structure of an ‘open’ CHMP
will hopefully guide our understanding of how filaments
formed from CHMP-2, CHMP-4 and CHMP-3 generate
and stabilise the negative curvature required for ESCRT-
III dependent membrane separation. Mechanisms of
ESCRT-III assembly and disassembly have been
reviewed well elsewhere [29,31,39] and models of how
ESCRT-III achieves the terminal membrane fission have
been proposed [39–41]. These models of ESCRT-III
function remain largely untested, but are linked by the
basic premise that ESCRT-III assembles as a spiral
filament on the cytosolic face of a membranous stalk,
and provides an activity allowing resolution of this stalk
and separation of the two previously connected mem-
branes (Figure 1b). Exactly how this scission occurs is not
known, but remodeling of the ESCRT-III polymer may
contribute either to membrane deformation, or to the
membrane separation. It is known that ESCRT-III pro-
teins form spiral filaments in vitro, suggesting that the
oligomer may have a preferred curvature. It was recently
shown that filaments formed from Vps32 (the C. elegans
homologue of CHMP4B/Snf7) could accommodate a
range of bending angles [42] and analysis of Snf7
filament assembly on supported bilayers have added
some new considerations into how filament assembly
may drive membrane remodelling. Using a combination
of high-speed atomic force microscopy and electron
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Table 1
ESCRT subunits in yeast and mammals Tabular list of ESCRT
components in yeast and mammalian cells; in mammalian cells,
ESCRT-III components are referred to as CHMPs, due to their
identification as Charged Multivesicular Body Proteins [32]/
Chromatin Modifying Proteins (CHMPs) [33]
Complex Yeast Mammals
ESCRT-I Vps23 TSG101
Vps28 VPS28
Vps37 VPS37A, VPS37B, VPS37C,
VPS37D
Mvb12 MVB12A, MVB12B, UBAP1
ESCRT-II Vps22 EAP30
Vps25 EAP20
Vps36 EAP45
ESCRT-III Did2/Vps46 CHMP1A, CHMP1B
Vps2 CHMP2A, CHMP2B
Vps24 CHMP3
Snf7 CHMP4A, CHMP4B,
CHMP4C
Vps60 CHMP5
Vps20 CHMP6
Chm7 CHMP7
ESCRT associated Vps4 VPS4A, VPS4B
Vta1 LIP5
Bro1 ALIX, HD-PTP
Ist1 IST1
? SPASTIN
(Figure 1 Legend Continued) it energetically more favourable to separate the membranes, rather than persist with membranes connected by a
highly-curved, thin, membranous stalk. Models propose that the AAA-ATPase VPS4 acts either to tighten the filament, through sequential
extraction of polymerised CHMPs (purse string model, VPS4 activity needed throughout remodeling event (1)) or through the induction of
conformational changes in the CHMPs by direct interaction. Alternatively, membrane fission is accomplished through formation of the ESCRT-III
holo-polymer (dome model, with VPS4 acting after fission to disassemble ESCRT-III filaments for subsequent rounds of assembly (2)). Period of
VPS4 activity indicated by arrow.
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microscopy, circular arrays of Snf7 with a preferred diam-
eter of 25 nm were observed to break and seed polymeri-
sation of helical Snf7 filaments that grew radially on
supported lipid membranes [43]. As these spirals grew,
the degree of filament curvature was necessarily reduced
to accommodate the growing spiral, putting elastic strain
on the filament. The growing Snf7 filament was sug-
gested to act as a spiral-spring, storing elastic energy as
the filament extended; indeed, molecular dynamics simu-
lations predict the free energy state of Vps32 filaments is
dramatically increased at the edge of the spiral [42] and
measurements of membrane tension [43] were in-
creased upon Snf7 polymerisation. Upon reaching con-
fluency, spiral growth was inhibited by lateral
interactions, and spirals released their stored energy
through deformation, suggesting that in a cellular envi-
ronment, this release of elastic energy could be trans-
ferred to the membrane. The authors propose that this
energy drives ESCRT-III-dependent membrane defor-
mation (Figure 2), perhaps by moving leaflets of the
bilayer relative to each other. Whilst this is a likely
scenario, it should also be noted that ESCRT-III func-
tions in a number of situations where membrane defor-
mation is dispensible (for example, during virion release,
nuclear envelope sealing and cytokinetic abscission; here
the membranous stalk to be resolved is pre-existing) and
it is possible that the energy stored in these filaments is
alternatively used to drive membrane separation rather
than membrane deformation. An additional point that
these data raise is a consideration of scale. Whilst viral
stalks, ILV stalks, and stalks to be resolved in the nuclear
envelope are of similar dimensions (30–50 nm), the mid-
body is much larger, with ESCRT-III components being
observed when the midbody has diameters of approxi-
mately 1 mm (Figure 3b [44]). This will necessitate the
formation of a filament with a very low curvature, that
would be predicted to store great deal of elastic energy,
perhaps (given the larger diameter of ESCRT-III-depen-
dent cytokinetic filaments [44]) necessitating partner
proteins to prevent breakage, and be capable of transfer-
ring this greater energy to the membrane which may be
necessary for efficient constriction and abscission of this
larger structure.
In addition to individual ESCRT-III subunits, the MIT-
domain containing AAA-ATPase, VPS4, is recruited to
short peptide motifs in the C-terminus of ESCRT-III
subunits to allow for ESCRT-III filament disassembly
and subunit reuse in subsequent rounds of ESCRT-
activity — VPS4 binding could also remodel and constrict
the Vps32 spirals in an ATPase-independent manner
[42], suggesting that it too could modulate the elastic
energy within the ESCRT-III filament. Interestingly,
ESCRT-III subunits are additionally capable of recruit-
ing alternate AAA-ATPases, such as the microtubule-
severing enzyme Spastin [45], which have important roles
in coordinating ESCRT-III-dependent membrane and
cytoskeletal modeling as described below.
ESCRTs on the nuclear envelope — NPC
surveillance
The Nuclear Pore Complex (NPC) is an ancient, conserved
and long-lived structure that allows gated exchange
between nucleoplasm and cytoplasm, allowing the estab-
lishment of proper nucleo-cytoplasmic compartmentaliza-
tion [46]. A recent epistasis screen uncovered an
unexpected role for the core ESCRT-III complex in
extracting defective NPCs, thus ascribing a surveillance
role for this complex at the nuclear envelope [47]. In this
role, ESCRT-III was recruited to the nuclear envelope
through interaction of Snf7 with the Lap2-Emerin-MAN1
(LEM) family proteins Heh1 and Heh2 that had previously
been implicated in NPC quality control [48]. In yeast
lacking ESCRT-III components, Vps4 or Heh2, aberrantly
assembled NPC components were sequestered within a
domain on the nuclear envelope termed the SINC (Storage
of Improperly assembled NPCs). Unlike mammalian cells
who disassemble and reassemble their nuclear envelope
during each open mitosis, yeast undergo a closed mitosis
and thus require surveillance mechanisms such as ESCRT-
III (and parallel quality-control mechanisms such as the
ASI-complex may tie the ERAD pathway into surveillance
of other ubiquitinated proteins at this organelle [49,50]), to
extract malfunctioning NPC components. Whether a simi-
lar surveillance role for ESCRT-III exists in higher organ-
isms remains to be established, but is likely to be
complicated by the open-mitosis that occur in these sys-
tems. The basis for ESCRT-III dependent extraction of
defective Nups likely involves ubiquitin as proteosomal
(but not vacuolar) inhibition impaired this extraction [47],
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Energetic considerations in ESCRT-III assembly. Cartoon depicting the
energy stored in helical polymers of ESCRT-III subunits and the
suggestion that this energy is released to allow membrane
deformation.
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however, the exact mechanism by which ESCRT-III
extracts membrane proteins and directs them to the protea-
some (rather than the lysosome) is unknown. Whilst the
ESCRT-machinery commonly processes ubiquitinated
proteins, the absence of ubiquitin-recognition domains
within ESCRT-III suggests that additional components
of this extraction machinery that direct ubiquitinated
nucleoporins for ESCRT-III mediated extraction may ex-
ist. Webster and Lusk have proposed attractive models for
the operation of ESCRT-III in this context [51] — given
the role of AAA-ATPases such as VPS4 in disassembling
and solubilizing protein complexes, it is possible that
recruited Vps4 plays a direct role in the extraction of these
defective intermediates, or uses the physical link between
ESCRT-III bound nucleoporins to extract them indirectly,
via extraction of the ESCRT-III subunit. Alternatively,
budding profiles at the INM and intra-membrane vesicular
structures were observed in dvps4 cells suggesting that
these defective nucleoporins may be cleared through ve-
sicular-budding into the intermembrane space [47].
Whilst this model is topologically satisfying from an
ESCRT-III perspective, it is unclear how vesicles in the
inter-membrane space could then access the proteasome for
degradation.
ESCRT-III in nuclear envelope reformation
Cell division in eukaryotes involves extensive remodeling
of the nuclear envelope (NE) to ensure proper segregation
of nuclear and cytoplasmic contents. Higher eukaryotic
cells divide by open mitosis, in which the nuclear envelope
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Mitotic ESCRT-III localization. Immunofluorescence analysis of HeLa cells stained with antibodies against endogenous CHMP2A or tubulin as
indicated, demonstrating CHMP2A localization to the reforming nuclear envelope (a) or the midbody during cytokinesis (b). For methods and more
detailed images, see Olmos et al. (2015). In A, dotted outline depicts cell border, images obtained by deconvolution of widefield images (a) or
confocal imaging (b). Scale bar is 10 mm.
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is broken down at mitotic onset to allow the chromosomes
to access the mitotic spindle. This process involves the
disassembly and dispersal of all the main elements of the
nuclear envelope, including the nuclear membranes,
NPCs and the lamina. Upon mitotic onset, some
ESCRT-III subunits are subject to phosphorylation, which
may render them inactive until they are dephosphorylated
during mitotic exit [52]. After chromosome segregation,
during telophase, a new nuclear envelope is reformed
around each daughter nuclei in order to re-establish
nucleo-cytoplasmic partitioning [53–56]. Nuclear enve-
lope reformation is a two-step process that requires exten-
sive membrane fusion. First, ER membranes, proposed to
be either cisternal [57,58] or tubular [59,60], attach to
chromosomes and spread out, coating the chromatin sur-
face in double-membrane sheets. Secondly, and in order to
form a completely sealed nuclear envelope, it is necessary
to close any remaining holes or gaps within the double
nuclear membranes through the process of annular fusion
[55]. In vitro studies of nuclear envelope reassembly in
Xenopus egg extracts showed that both steps of nuclear
envelope reformation are regulated by the p97 AAA-
ATPase in association with its adaptor proteins p47, in
the case of membrane delivery and nuclear expansion, or
UFD1/NPL4 for the annular fusion event [61]. The
mechanism by which annular fusion occurs has remained
largely unknown, but the topology of this process is iden-
tical to cytokinetic abscission as the closure of holes in the
re-forming nuclear envelope requires a fission event to
separate the connected INM and ONM (Figure 1a). Whilst
localization of ESCRT-III subunits to the telophase nuclei
was previously reported [33], recent studies [37,62]
have added mechanistic insights into this process by dem-
onstrating that ESCRT-III plays an essential role in the
sealing of the nuclear envelope during late stages of cell
division. High-resolution microscopical approaches, in-
cluding use of Structured-Illumination-Microscopy
(SIM) and correlative light and electron microscopy
(CLEM), demonstrated the transient recruitment of
ESCRT-III components and VPS4 to sites of annular
fusion in the reforming nuclear envelope (Figure 3a)
[37,62]. Importantly, these sites of annular fusion com-
prised membranous stalks connecting INM and ONM and
were of similar dimensions to the stalks connecting nascent
virions to the plasma membrane or intraluminal vesicles to
the endosomal limiting membrane (30–50 nm) [62]. The
transient nature of this recruitment was exposed through
live imaging approaches, demonstrating recruitment times
of between 1 and 5 min, paralleling well the timings of
ESCRT-III recruitment to sites of HIV-1 release at the
plasma membrane [63–65]. ESCRT-III assembly on the
reforming nuclear envelope occurs through a canonical
pathway, with sequential recruitment of CHMP4, CHMP3
and CHMP2 subunits [62], highlighting its similarities to
other ESCRT-III-driven processes. Furthermore, the pre-
viously uncharacterized CHMP7 protein was identified as
an essential recruiter of CHMP4B during nuclear envelope
reformation, giving at last a role for this protein [37]. A
yeast CHMP7, long thought erroneously to not exist, has
recently been implicated in NPC assembly [66] which may
further link NPC surveillance and membrane sealing func-
tions at this membrane. CHMP7 is unique amongst
ESCRT-III subunits in that it contains an extended N-
terminal domain of unknown function — whether this
domain specifies a role in nuclear envelope functionality
remains to be established.
Importantly, correlative electron tomography analysis
demonstrated that ESCRT-III depletion results in the
persistence of unsealed holes in the post-mitotic nuclear
envelope. As shown in compartmentalization assays,
these unsealed nuclear envelopes are functionally leaky,
failing to ensure proper nucleo-cytoplasmic partitioning
of a variety of import reporters and ultimately leading to
the appearance of DNA damage foci at presumptive
unsealed sites, highlighting the important role ESCRT-
III has in protecting the genome from damage during
mitotic exit [37,62]. An interaction was also described
between the p97 adaptor protein UFD1 and the late-
acting ESCRT-III subunit CHMP2A. p97/UFD1 has a
previously described role in nuclear envelope sealing [61]
and regulates extraction of ubiquitinated Aurora-B from
chromatin, allowing chromatin decondensation as the
envelope is closed [67,68]. Although CHMP2A is
recruited to the forming nuclear envelope through inter-
action with CHMP4 proteins, UFD1 depletion also im-
paired recruitment of CHMP2A to this membrane — in
this context, UFD1’s ability to interact with the auto-
inhibitory helix of CHMP2A suggests that this complex
may play an additional role in regulating CHMP2A in-
corporation and assembly of ESCRT-III at the reforming
nuclear envelope.
During cytokinesis, the ESCRT-III associated AAA-
ATPase Spastin is recruited to the midbody through inter-
action with CHMP1B and IST1 [35,69,70]. Here, it dis-
assembles midbody microtubules, coordinating the
cytoskeletal and membrane remodeling events necessary
for abscission. Satisfyingly, during nuclear envelope refor-
mation, Spastin plays a complementary role in disassem-
bling spindle microtubules (which pass through the
reforming nuclear envelope), a necessary step before the
nuclear envelope is sealed [37]. Here, the CHMP-like
protein IST1 was necessary for recruitment of Spastin and
subsequent MT disassembly. Disruption of Spastin results
in impaired spindle disassembly and persistence of
CHMP4B at the re-forming nuclear envelope, indicating
that ESCRT-III function at this membrane cannot be
completed until MTs penetrating the reassembling nuclear
envelope are removed. These results suggest that ESCRT-
III and Spastin work together to coordinate nuclear enve-
lope sealing with disassembly of MTs during mitotic exit
and highlight a conservation of the machineries that regu-
late mitotic membrane remodeling events (Figure 4).
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These recent findings reveal a new localization and
function for ESCRT-III in nuclear envelope remodeling
at sites of annular fusion. ESCRT-III may play additional
roles at the nuclear envelope — for example, viruses and
vesicles containing megaRNPs must transverse this
membrane [15,71,72] and whilst current models propose
alternate transit mechanisms (for example, involving
the inter-membrane AAA-ATPase Torsin [73], or viral
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Mitotic co-ordination of membrane and cytoskeletal remodeling by ESCRT-III. A. Cartoon depicting similarities between ESCRT-III dependent
nuclear envelope reformation (a) and cytokinesis (b). Enlargement of green-boxed region given in lower cartoon. In both cases, prior to ESCRT-III-
dependent membrane resolution, microtubules must be coordinately removed through the action of the AAA-ATPase Spastin, which is recruited to
the site of remodeling through interaction with IST1 during nuclear envelope reformation, or IST1/CHMP1B during cytokinesis. In the case of
cytokinesis, abscission occurs at a constriction upon the midbody arms and whilst cuts can occur on both sides of the Flemming body, here a
single cut is depicted with the asymmetric resorption of the Flemming body by one daughter cell as a midbody remnant.
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proteins themselves [74]), ESCRT-III may contribute to
this transit. Indeed, it is possible that the surveillance role
of ESCRT-III at the yeast nuclear envelope may involve
coupling of defective nucleoporin extraction with
ESCRT-III-dependent membrane repair. Budding pro-
files and intra-NE vesicles accumulated in both dvps4
yeast and temperature sensitive npl4 yeast (a UFD1-
interacting co-factor of p97 that has been previously
implicated in nuclear envelope sealing) [75], indicating
parallels may exist between these two functions of
ESCRT-III on the nuclear envelope. These data, togeth-
er with recently described activities of ESCRT-III in the
repair of plasma membrane wounds [22,23] points to a
role of the ESCRT-III complex in regulating membrane
quality — in this case, that of the nuclear envelope. The
ESCRT-machinery thus has an important role in the
dynamic maintenance of compartmental identity, organ-
elle biogenesis and acts to safeguard the genome from
damaging agents. This may be particularly relevant in the
context of diseases like laminopathies or cancer, where
transient nuclear envelope rupturing and the generation
of micronuclei has been reported and is thought to
contribute to the disease pathology and development
[76–79].
Future perspectives
These are exciting times for ESCRT-biology — originally
thought to be a key player in the biogenesis of MVBs, the
repertoire of physiological and pathophysiological events
that involve ESCRT proteins has expanded greatly. In
many ways, this reflects the cell’s exquisite ability to
conserve and repurpose its machineries to accomplish a
variety of functions — in this case, those functions that
need a topologically equivalent membrane remodeling.
ESCRT-III and VPS4 components are conserved as far-
back as Archaea (prokaryotic organisms lacking membrane
bound organelles and nuclei), suggesting that cell division
may be considered an ancestral role for the ESCRT-III
machinery that evolved as a mechanism to allow binary
fission and has been co-opted throughout evolution to
allow acquisition of increasingly complex cellular functions
[80]. Still, there are many unknowns; whether a surveil-
lance role for ESCRT-III on the nuclear envelope exists in
cells performing open mitosis is currently unknown and
how a surveillance role for ESCRT-III is coordinated with
ESCRT-III-dependent sealing of the reforming
nuclear envelope remains an area of open investigation.
ESCRT-III is also a key regulator of an Aurora B-depen-
dent cytokinesis checkpoint that is engaged to delay
abscission when mitotic defects (including lagging chro-
mosomes [52,81] and defective NPC assembly [82–84]) are
detected and it is possible that a surveillance role for
ESCRT-III-dependent extraction of defective nucleopor-
ins is coupled to an inhibition of ESCRT-III-dependent
abscission. This abscission checkpoint is Aurora B-depen-
dent, and Aurora B activity has recently been shown to
delay closure of holes in the nuclear envelope to allow
lagging chromosomes to be incorporated into forming
daughter nuclei [85]. Given the role Aurora B plays in
regulating ESCRT-III activity in the context of abscission,
it is tempting to speculate that a similar regulation of
ESCRT-III may occur during this aspect of nuclear enve-
lope reassembly. Mitotic biology is proving a fruitful area in
which to explore ESCRT-function and it is likely that
mechanistic insight gleaned from these studies will aid our
understanding of this important machinery in non-dividing
and pathophysiological states.
Acknowledgments
J.G.C is a Wellcome Trust Research Career Development Fellow (093603/
Z/10/Z). We acknowledge the Nikon Imaging Centre at KCL and the
NIHR Comprehensive Biomedical Research Centre at Guy’s and St
Thomas’ NHS Foundation Trust for access to core equipment to allow
acquisition of images.
References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1. Katzmann DJ, Babst M, Emr SD: Ubiquitin-dependent sorting
into the multivesicular body pathway requires the function of a
conserved endosomal protein sorting complex, ESCRT-I. Cell
2001, 106:145-155.
2. Babst M, Katzmann DJ, Snyder WB, Wendland B, Emr SD:
Endosome-associated complex, ESCRT-II, recruits transport
machinery for protein sorting at the multivesicular body. Dev
Cell 2002, 3:283-289.
3. Babst M, Katzmann DJ, Estepa-Sabal EJ, Meerloo T, Emr SD:
Escrt-III: an endosome-associated heterooligomeric protein
complex required for mvb sorting. Dev Cell 2002, 3:271-282.
4.

Wollert T, Wunder C, Lippincott-Schwartz J, Hurley JH:
Membrane scission by the ESCRT-III complex. Nature 2009,
458:172-177.
These papers provided the first demonstration that in vitro reconstitution
of ESCRT-III could perform the topologically unique membrane scission
ascribed to this complex.
5.

Wollert T, Hurley JH: Molecular mechanism of multivesicular
body biogenesis by ESCRT complexes. Nature 2010, 464:
864-869.
These papers provided the first demonstration that in vitro reconstitution
of ESCRT-III could perform the topologically unique membrane scission
ascribed to this complex.
6. Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch P,
Manel N, Moita LF, The´ry C, Raposo G: Analysis of ESCRT
functions in exosome biogenesis, composition and secretion
highlights the heterogeneity of extracellular vesicles. J Cell Sci
2013, 126:5553-5565.
7. Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest G,
Geeraerts A, Ivarsson Y, Depoortere F, Coomans C, Vermeiren E
et al.: Syndecan-syntenin-ALIX regulates the biogenesis of
exosomes. Nat Cell Biol 2012, 14:677-685.
8. Samson RY, Bell SD: Ancient ESCRTs and the evolution of
binary fission. Trends Microbiol 2009, 17:507-513.
9.

Garrus JE, Schwedler von UK, Pornillos OW, Morham SG,
Zavitz KH, Wang HE, Wettstein DA, Stray KM, Coˆte´ M, Rich RL
et al.: Tsg101 and the vacuolar protein sorting pathway are
essential for HIV-1 budding. Cell 2001, 107:55-65.
These papers were the first to describe how HIV-1 hijacks the ESCRT-
machinery to effect its egress.
10.

Martin-Serrano J, Zang T, Bieniasz PD: HIV-1 and Ebola virus
encode small peptide motifs that recruit Tsg101 to sites of
particle assembly to facilitate egress. Nat Med 2001, 7:1313-1319.
8 Cell architecture
Current Opinion in Cell Biology 2016, 38:1–11 www.sciencedirect.com
These papers were the first to describe how HIV-1 hijacks the ESCRT-
machinery to effect its egress.
11.

Demirov DG, Ono A, Orenstein JM, Freed EO: Overexpression of
the N-terminal domain of TSG101 inhibits HIV-1 budding by
blocking late domain function. Proc Natl Acad Sci U S A 2002,
99:955-960.
These papers were the first to describe how HIV-1 hijacks the ESCRT-
machinery to effect its egress.
12.

VerPlank L, Bouamr F, LaGrassa TJ, Agresta B, Kikonyogo A,
Leis J, Carter CA: Tsg101, a homologue of ubiquitin-
conjugating (E2) enzymes, binds the L domain in HIV type
1 Pr55(Gag). Proc Natl Acad Sci U S A 2001, 98:7724-7729.
These papers were the first to describe how HIV-1 hijacks the ESCRT-
machinery to effect its egress.
13. Strack B, Calistri A, Craig S, Popova E, Go¨ttlinger HG: AIP1/ALIX
is a binding partner for HIV-1 p6 and EIAV p9 functioning in
virus budding. Cell 2003, 114:689-699.
14. Martin-Serrano J, Yarovoy A, Perez-Caballero D, Bieniasz PD,
Yaravoy A: Divergent retroviral late-budding domains recruit
vacuolar protein sorting factors by using alternative adaptor
proteins. Proc Natl Acad Sci U S A 2003, 100:12414-12419.
15. Lee C-P, Liu P-T, Kung H-N, Su M-T, Chua H-H, Chang Y-H,
Chang C-W, Tsai C-H, Liu F-T, Chen M-R: The ESCRT machinery
is recruited by the viral BFRF1 protein to the nucleus-
associated membrane for the maturation of Epstein-Barr
Virus. PLoS Pathog 2012, 8:e1002904.
16. Pawliczek T, Crump CM: Herpes simplex virus type
1 production requires a functional ESCRT-III complex but is
independent of TSG101 and ALIX expression. J Virol 2009,
83:11254-11264.
17.

Carlton JG, Martin-Serrano J: Parallels between cytokinesis and
retroviral budding: a role for the ESCRT machinery. Science
2007, 316:1908-1912.
These papers were the first to show that ESCRTs were recruited to the
midbody and were necessary for cytokinesis.
18.

Morita E, Sandrin V, Chung H-Y, Morham SG, Gygi SP,
Rodesch CK, Sundquist WI: Human ESCRT and ALIX proteins
interact with proteins of the midbody and function in
cytokinesis. EMBO J 2007, 26:4215-4227.
These papers were the first to show that ESCRTs were recruited to the
midbody and were necessary for cytokinesis.
19. Lee HH, Elia N, Ghirlando R, Lippincott-Schwartz J, Hurley JH:
Midbody targeting of the ESCRT machinery by a noncanonical
coiled coil in CEP55. Science 2008, 322:576-580.
20. Carlton JG, Agromayor M, Martin-Serrano J: Differential
requirements for Alix and ESCRT-III in cytokinesis and HIV-1
release. Proc Natl Acad Sci U S A 2008, 105:10541-10546.
21. Elia N, Sougrat R, Spurlin TA, Hurley JH, Lippincott-Schwartz J:
Dynamics of endosomal sorting complex required for
transport (ESCRT) machinery during cytokinesis and its role in
abscission. Proc Natl Acad Sci U S A 2011, 108:4846-4851.
22.

Jimenez AJ, Maiuri P, Lafaurie-Janvore J, Divoux S, Piel M,
Perez F: ESCRT machinery is required for plasma membrane
repair. Science 2014, 343:1247136.
These papers described an unexpected role for ESCRT-III in plasma
membrane repair.
23.

Scheffer LL, Sreetama SC, Sharma N, Medikayala S, Brown KJ,
Defour A, Jaiswal JK: Mechanism of Ca2+-triggered ESCRT
assembly and regulation of cell membrane repair. Nat Commun
2014, 5:5646.
These papers described an unexpected role for ESCRT-III in plasma
membrane repair.
24. Filimonenko M, Stuffers S, Raiborg C, Yamamoto A, Malerød L,
Fisher EMC, Isaacs A, Brech A, Stenmark H, Simonsen A:
Functional multivesicular bodies are required for autophagic
clearance of protein aggregates associated with
neurodegenerative disease. J Cell Biol 2007, 179:485-500.
25. Nara A, Mizushima N, Yamamoto A, Kabeya Y, Ohsumi Y,
Yoshimori T: SKD1 AAA ATPase-dependent endosomal
transport is involved in autolysosome formation. Cell Struct
Funct 2002, 27:29-37.
26. Loncle N, Agromayor M, Martin-Serrano J, Williams DW: An
ESCRT module is required for neuron pruning. Sci Rep 2015,
5:8461.
27. Choudhuri K, Llodra´ J, Roth EW, Tsai J, Gordo S,
Wucherpfennig KW, Kam LC, Stokes DL, Dustin ML: Polarized
release of T-cell-receptor-enriched microvesicles at the
immunological synapse. Nature 2014, 507:118-123.
28. Hurley JH: ESCRTs are everywhere. EMBO J 2015 http://
dx.doi.org/10.15252/embj.201592484.
29. McCullough J, Colf LA, Sundquist WI: Membrane fission
reactions of the mammalian ESCRT pathway. Annu Rev
Biochem 2013 http://dx.doi.org/10.1146/annurev-biochem-
072909-101058.
30. Mierzwa B, Gerlich DW: Cytokinetic abscission: molecular
mechanisms and temporal control. Dev Cell 2014, 31:
525-538.
31. Henne WM, Buchkovich NJ, Emr SD: The ESCRT pathway. Dev
Cell 2011, 21:77-91.
32. Howard TL, Stauffer DR, Degnin CR, Hollenberg SM: CHMP1
functions as a member of a newly defined family of vesicle
trafficking proteins. J Cell Sci 2001, 114:2395-2404.
33. Stauffer DR, Howard TL, Nyun T, Hollenberg SM: CHMP1 is a
novel nuclear matrix protein affecting chromatin structure and
cell-cycle progression. J Cell Sci 2001, 114:2383-2393.
34.

McCullough J, Clippinger AK, Talledge N, Skowyra ML,
Saunders MG, Naismith TV, Colf LA, Afonine P, Arthur C,
Sundquist WI et al.: Structure and membrane remodeling
activity of ESCRT-III helical polymers. Science 2015 http://
dx.doi.org/10.1126/science.aad8305.
This paper was the first to describe the structure of an ESCRT-III subunit
in the open conformation.
35. Agromayor M, Carlton JG, Phelan JP, Matthews DR, Carlin LM,
Ameer-Beg S, Bowers K, Martin-Serrano J: Essential role of
hIST1 in cytokinesis. Mol Biol Cell 2009, 20:1374-1387.
36. Bajorek M, Morita E, Skalicky JJ, Morham SG, Babst M,
Sundquist WI: Biochemical analyses of human IST1 and its
function in cytokinesis. Mol Biol Cell 2009, 20:1360-1373.
37.

Vietri M, Schink KO, Campsteijn C, Wegner CS, Schultz SW,
Christ L, Thoresen SB, Brech A, Raiborg C, Stenmark H: Spastin
and ESCRT-III coordinate mitotic spindle disassembly and
nuclear envelope sealing. Nature 2015, 522:231-235.
These papers described an essential role for the ESCRT-III complex in
resealing the reforming nuclear envelope during mitotic exit.
38. Allison R, Lumb JH, Fassier C, Connell JW, Martin Ten D,
Seaman MNJ, Hazan J, Reid E: An ESCRT-spastin interaction
promotes fission of recycling tubules from the endosome. J
Cell Biol 2013, 202:527-543.
39. Adell MAY, Teis D: Assembly and disassembly of the ESCRT-III
membrane scission complex. FEBS Lett 2011, 585:3191-3196.
40. Fabrikant G, Lata S, Riches JD, Briggs JAG, Weissenhorn W,
Kozlov MM: Computational model of membrane fission
catalyzed by ESCRT-III. PLoS Comput Biol 2009, 5:e1000575.
41. Hurley JH, Hanson PI: Membrane budding and scission by the
ESCRT machinery: it’s all in the neck. Nat Rev Mol Cell Biol
2010, 11:556-566.
42.

Shen Q-T, Schuh AL, Zheng Y, Quinney K, Wang L, Hanna M,
Mitchell JC, Otegui MS, Ahlquist P, Cui Q et al.: Structural
analysis and modeling reveals new mechanisms governing
ESCRT-III spiral filament assembly. J Cell Biol 2014, 206:
763-777.
These papers describe a new way of considering how the spiral ESCRT-III
polymer may remodel membranes.
43.

Chiaruttini N, Redondo-Morata L, Colom A, Humbert F, Lenz M,
Scheuring S, Roux A: Relaxation of loaded ESCRT-III spiral
springs drives membrane deformation. Cell 2015, 163:866-879.
These papers describe a new way of considering how the spiral ESCRT-III
polymer may remodel membranes.
44. Guizetti J, Schermelleh L, Ma¨ntler J, Maar S, Poser I, Leonhardt H,
Mu¨ller-Reichert T, Gerlich DW: Cortical constriction during
The ESCRT machinery: new roles at new holes Olmos and Carlton 9
www.sciencedirect.com Current Opinion in Cell Biology 2016, 38:1–11
abscission involves helices of ESCRT-III-dependent filaments.
Science 2011, 331:1616-1620.
45. Reid E, Connell J, Edwards TL, Duley S, Brown SE, Sanderson CM:
The hereditary spastic paraplegia protein spastin interacts
with the ESCRT-III complex-associated endosomal protein
CHMP1B. Hum Mol Genet 2005, 14:19-38.
46. Kabachinski G, Schwartz TU: The nuclear pore complex —
structure and function at a glance. J Cell Sci 2015, 128:423-429.
47.

Webster BM, Colombi P, Ja¨ger J, Lusk CP: Surveillance of
nuclear pore complex assembly by ESCRT-III/Vps4. Cell 2014,
159:388-401.
This paper was the first to describe a role for ESCRT-III on the nuclear
envelope — in surveillance and extraction of defective nucleoporins.
48. Yewdell WT, Colombi P, Makhnevych T, Lusk CP: Lumenal
interactions in nuclear pore complex assembly and stability.
Mol Biol Cell 2011, 22:1375-1388.
49. Foresti O, Rodriguez-Vaello V, Funaya C, Carvalho P: Quality
control of inner nuclear membrane proteins by the Asi
complex. Science 2014, 346:751-755.
50. Khmelinskii A, Blaszczak E, Pantazopoulou M, Fischer B,
Omnus DJ, Le Dez G, Brossard A, Gunnarsson A, Barry JD,
Meurer M et al.: Protein quality control at the inner nuclear
membrane. Nature 2014, 516:410-413.
51. Webster BM, Lusk CP: ESCRTs breach the nuclear border.
Nucleus 2015, 6:197-202.
52. Carlton JG, Caballe A, Agromayor M, Kloc M, Martin-Serrano J:
ESCRT-III governs the Aurora B-mediated abscission
checkpoint through CHMP4C. Science 2012, 336:220-225.
53. Gu¨ttinger S, Laurell E, Kutay U: Orchestrating nuclear envelope
disassembly and reassembly during mitosis. Nat Rev Mol Cell
Biol 2009, 10:178-191.
54. Schooley A, Vollmer B, Antonin W: Building a nuclear envelope
at the end of mitosis: coordinating membrane reorganization,
nuclear pore complex assembly, and chromatin de-
condensation. Chromosoma 2012, 121:539-554.
55. Burke B: The nuclear envelope: filling in gaps. Nat Cell Biol 2001,
3:E273-E274.
56. Burke B, Ellenberg J: Remodelling the walls of the nucleus. Nat
Rev Mol Cell Biol 2002, 3:487-497.
57. Lu L, Ladinsky MS, Kirchhausen T: Cisternal organization of the
endoplasmic reticulum during mitosis. Mol Biol Cell 2009,
20:3471-3480.
58. Lu L, Ladinsky MS, Kirchhausen T: Formation of the postmitotic
nuclear envelope from extended ER cisternae precedes
nuclear pore assembly. J Cell Biol 2011, 194:425-440.
59. Anderson DJ, Hetzer MW: Nuclear envelope formation by
chromatin-mediated reorganization of the endoplasmic
reticulum. Nat Cell Biol 2007, 9:1160-1166.
60. Puhka M, Joensuu M, Vihinen H, Belevich I, Jokitalo E:
Progressive sheet-to-tubule transformation is a general
mechanism for endoplasmic reticulum partitioning in dividing
mammalian cells. Mol Biol Cell 2012, 23:2424-2432.
61.

Hetzer M, Meyer HH, Walther TC, Bilbao-Cortes D, Warren G,
Mattaj IW: Distinct AAA-ATPase p97 complexes function in
discrete steps of nuclear assembly. Nat Cell Biol 2001, 3:
1086-1091.
These papers described an unexpected role for ESCRT-III in plasma
membrane repair.
62.

Olmos Y, Hodgson L, Mantell J, Verkade P, Carlton JG: ESCRT-III
controls nuclear envelope reformation. Nature 2015, 522:236-239.
These papers described an essential role for the ESCRT-III complex in
resealing the reforming nuclear envelope during mitotic exit.
63. Jouvenet N, Zhadina M, Bieniasz PD, Simon SM: Dynamics of
ESCRT protein recruitment during retroviral assembly. Nat Cell
Biol 2011, 13:394-401.
64. Baumga¨rtel V, Ivanchenko S, Dupont A, Sergeev M, Wiseman PW,
Kra¨usslich H-G, Bra¨uchle C, Mu¨ller B, Lamb DC: Live-cell
visualization of dynamics of HIV budding site interactions with
an ESCRT component. Nat Cell Biol 2011, 13:469-474.
65. Bleck M, Itano MS, Johnson DS, Thomas VK, North AJ,
Bieniasz PD, Simon SM: Temporal and spatial organization of
ESCRT protein recruitment during HIV-1 budding. Proc Natl
Acad Sci U S A 2014, 111:12211-12216.
66. Bauer I, Brune T, Preiss R, Ko¨lling R: Evidence for a
nonendosomal function of the Saccharomyces cerevisiae
ESCRT-III-like protein Chm7. Genetics 2015, 201:1439-1452.
67. Ramadan K, Bruderer R, Spiga FM, Popp O, Baur T, Gotta M,
Meyer HH: Cdc48/p97 promotes reformation of the nucleus by
extracting the kinase Aurora B from chromatin. Nature 2007,
450:1258-1262.
68. Dobrynin G, Popp O, Romer T, Bremer S, Schmitz MHA,
Gerlich DW, Meyer H: Cdc48/p97-Ufd1-Npl4 antagonizes
Aurora B during chromosome segregation in HeLa cells. J Cell
Sci 2011, 124:1571-1580.
69. Connell JW, Lindon C, Luzio JP, Reid E: Spastin couples
microtubule severing to membrane traffic in completion of
cytokinesis and secretion. Traffic 2009, 10:42-56.
70. Yang D, Rismanchi N, Renvoise´ B, Lippincott-Schwartz J,
Blackstone C, Hurley JH: Structural basis for midbody targeting
of spastin by the ESCRT-III protein CHMP1B. Nat Struct Mol
Biol 2008, 15:1278-1286.
71. Speese SD, Ashley J, Jokhi V, Nunnari J, Barria R, Li Y, Ataman B,
Koon A, Chang Y-T, Li Q et al.: Nuclear envelope budding
enables large ribonucleoprotein particle export during
synaptic Wnt signaling. Cell 2012, 149:832-846.
72. Rose A, Schlieker C: Alternative nuclear transport for cellular
protein quality control. Trends Cell Biol 2012, 22:509-514.
73. Jokhi V, Ashley J, Nunnari J, Noma A, Ito N, Wakabayashi-Ito N,
Moore MJ, Budnik V: Torsin mediates primary envelopment of
large ribonucleoprotein granules at the nuclear envelope. Cell
Rep 2013, 3:988-995.
74. Bigalke JM, Heuser T, Nicastro D, Heldwein EE: Membrane
deformation and scission by the HSV-1 nuclear egress
complex. Nat Commun 2014, 5:4131.
75. DeHoratius C, Silver PA: Nuclear transport defects and nuclear
envelope alterations are associated with mutation of the
Saccharomyces cerevisiae NPL4 gene. Mol Biol Cell 1996,
7:1835-1855.
76. De Vos WH, Houben F, Kamps M, Malhas A, Verheyen F, Cox J,
Manders EMM, Verstraeten VLRM, van Steensel MAM,
Marcelis CLM et al.: Repetitive disruptions of the nuclear
envelope invoke temporary loss of cellular
compartmentalization in laminopathies. Hum Mol Genet 2011,
20:4175-4186.
77. Gupta P, Bilinska ZT, Sylvius N, Boudreau E, Veinot JP, Labib S,
Bolongo PM, Hamza A, Jackson T, Ploski R et al.: Genetic and
ultrastructural studies in dilated cardiomyopathy patients: a
large deletion in the lamin A/C gene is associated with
cardiomyocyte nuclear envelope disruption. Basic Res Cardiol
2010, 105:365-377.
78. Vargas JD, Hatch EM, Anderson DJ, Hetzer MW: Transient
nuclear envelope rupturing during interphase in human cancer
cells. Nucleus 2012, 3:88-100.
79. Hatch EM, Fischer AH, Deerinck TJ, Hetzer MW: Catastrophic
nuclear envelope collapse in cancer cell micronuclei. Cell
2013, 154:47-60.
80. Baum DA, Baum B: An inside-out origin for the eukaryotic cell.
BMC Biol 2014, 12:76.
81. Steigemann P, Wurzenberger C, Schmitz MH, Held M, Guizetti J,
Maar S, Gerlich DW: Aurora B-mediated abscission checkpoint
protects against tetraploidization [Internet]. Cell 2009,
136:473-484.
82. Mackay DR, Makise M, Ullman KS: Defects in nuclear pore
assembly lead to activation of an Aurora B-mediated
abscission checkpoint. J Cell Biol 2010, 191:923-931.
10 Cell architecture
Current Opinion in Cell Biology 2016, 38:1–11 www.sciencedirect.com
83. Mackay DR, Elgort SW, Ullman KS: The nucleoporin Nup153
has separable roles in both early mitotic progression
and the resolution of mitosis. Mol Biol Cell 2009, 20:
1652-1660.
84. Caballe A, Wenzel DM, Agromayor M, Alam SL, Skalicky JJ,
Kloc M, Carlton JG, Labrador L, Sundquist WI, Martin-Serrano J:
ULK3 regulates cytokinetic abscission by phosphorylating
ESCRT-III proteins. Elife 2015, 4:e06547.
85. Karg T, Warecki B, Sullivan W: Aurora B-mediated localized
delays in nuclear envelope formation facilitate inclusion of
late-segregating chromosome fragments. Mol Biol Cell 2015,
26:2227-2241.
The ESCRT machinery: new roles at new holes Olmos and Carlton 11
www.sciencedirect.com Current Opinion in Cell Biology 2016, 38:1–11
